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Abstract
We examined whether HO-1could enhance the immunosuppressive effects of bone marrow mesenchymal
stem cell BMMSCs on the rejection of transplanted liver allograft in rats. The rejection model of
orthotopic liver transplantation in rats was established then BMMSCs orHO-1/BMMSCs were transfused
via the portal vein.The histopathological changes of the transplanted liver and the change of regulatory T
cell Tregs natural killer cell NK and cytokines after transplantation were observed in different groups.
The severe acute rejection model rats after liver transplantation on post operation day 10 showed in NS
group. BMMSCs group showed strong protective effects on rejection within the �rst 10 days after
transplantation. While HO-1/BMMSCs showed stronger effects than BMMSCs which provided enhanced
protective effects on the transplanted liver. In addition the activity of natural killer NK cell decreased
signi�cantly the levels of regulatory T cells Tregs interleukin-10 IL-10 and transforming growth factor-β
TGF-β increased signi�cantly and the levels of interleukin-2 IL-2 interleukin-6 IL-6 interleukin-17 IL-17

interleukin-23 IL-23 tumor necrosis factor-α TNF-α and interferon-γ IFN-γ decreased signi�cantly in the
HO-1/BMMSCs group when compared with the BMMSCs group. Conclusions:HO-1/BMMSCs showed
better immunosuppressive effects after transplantation. HO-1 could enhance the effects of BMMSCs
inhibiting the immune response of acute rejection in orthotopic liver transplantation model of rats.

Introduction
Liver transplantation (LT) is an effective treatment for patients with liver failure and End-stage liver
disease. However,the rejection of liver transplantation is obvious and there is no effective control means.
The existing immunosuppressive treatments are not effective and will bring some corresponding risks,
such as malignant tumors, infections and high costs which will seriously affect the long-term survival
rate of liver transplant recipients and also restrict LT business.Development of Immune tolerance is a
long-term non-responsive state of the recipient's immune system to the graft and still has normal
immune response to other foreign antigens. Therefore, how to induce a durable and drug-free immune
tolerance is an urgent problem to be solved [1].

Bone marrow mesenchymal stem cells(BMMSCs) have important application value in organ
transplantation[2]. BMMSCs have low immunogenicity and have a certain effect on inhibiting T cell-
mediated immune rejection after organ transplantation[3–4].It can secrete some immunosuppressive
cytokines such as interleukin-10(IL-10),transforming growth factor-β(TGF-β) etc as well as interfering
with helper Tlymphocytes differentiation to induce immune tolerance.[5–6]This is a promising
treatment.However it has also been reported that the activity of BMMSCs infusion alone in tissues is
lower and studies have shown that genetic engineering intervention to BMMSCs is a more effective
method[7].Hemeoxygenase-1 (HO-1) is an immunomodulatory active factor involved in the regulation of
immune tolerance after organ transplantation[8].HO-1 can be transfected into BMMSCs to enhance their
immunomodulatory and antioxidant capacity while also prolonging their action time [9].
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In this study,based on the simple application of BMMSCs to protect liver transplant rejection the rat HO-1
gene was transfected into BMMSCs to form HO-1/BMMSCs in vitro to study its effect in orthotopic rat
liver transplantation.We willexplore whether HO-1 can enhance regulatory effect of BMMSCs in transplant
immunity and its mechanism of action.

Materials And Methods
Materials

DMEM/F12(1:1) medium (Hyclone, USA), fetal bovine serum (PAA Australia) glutamate
penicillin/streptomycin double-antibody (Gibco USA) trypsin digest dimethyl sulfoxide, phosphate buffer
solution(Sigma USA) 10×red blood cell lysate (BD USA) rat IL-10 TGF-β  IL-2 IL-17 IL-23 TNF-αkit
(Santa cruz Biotechnology USA) recombinant adenovirus expressing rat HO-1 (Shanghai Jikai Gene
Chemical Technology Co.Ltd China). Leicac0269 surgical microscope (Leica microsystems AG
Germany) microsurgical instruments (Admiralty Medical Devices China) upright �uorescence
microscope (Nikon Ni-U Japan) �ow cytometry (BD FACS Calibur USA) enzyme Standard instrument
(Bio Tek Synergy 2 USA).

Animal experimental groups

Experimental animals were purchased and maintained from our Experimental Animal Centerin the
speci�c pathogen-free condition.The use and procedures to rats in this study was approved by the Animal
Care and Ethics Committee of Hubei University of Medicine. SPF healthy male BN rats (RT-1n) and male
Lewis rats (RT-11) BN rats weigh 180-200g Lewis rats 200-220g. The animals were placed in the
environment of light-darkness cycling every 12 hours and were fed adaptively for 7 days.BN rats were
used as donors and Lewis rats were used as recipients to establish an allogeneic (Allo) acute rejection
model. Rats were injected with normal saline(NS) or cells via the dorsal penile vein before operation.The
experiment was divided into three groups NS group BMMSCs group and HO-1/BMMSCs group.Five rats
were allocated to each group at 0 1 5 7 10 day respectively. Experimental group was given 5×106/ml
cells(1ml/rat).Control group was given NS(1ml/rat). We observed the rats which were killed at 10 days
after transplantation and collected peripheral venous blood and tissue samples.The rats follows the
recommendations in the ARRIVE guidelines.

The establishment of liver transplantation model

The establishment of an animal model of orthotopic liver transplantation is the same as previous
studies[10]. 5×106/ml of HO-1/BMMSCs and BMMSCs were infused via portal vein when
orperation.Postoperativecare:feeding in single cage after surgery and to drink freely after waking and to
eat freely after 12 hours. Clean and disinfect the cage regularly and change the dressing to keep it
clean.Observe the survival state of rats after transplantation and record the survival time of rats in each
group. We observe the American Veterinary Medical Association (AVMA) Guidelines for the Euthanasia of
Animals (2020)
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Extraction culture and HO-1 transfection of BMMSCs

The method of veri�cation to BMMSCs is based on our previous research[10].The expression of HO-1 in
HO-1/BMMSC was detected by immunocytochemical staining. The procedure was to place the sterilized
cover slip on the bottom of a sterile Petri dish and take 5ml of adenovirus-loaded HO-1 to the stained
BMMSCs suspension(density 1×106/ml) in the culture dish.After the cells were grown and fused rinsed it
3 times with PBS and 4% paraformaldehyde treatment for 20 minutes.0.5% Txiton X-100 for 20 minutes
at room temperature rinse 3% H2O2 for 15 minutes at room temperature rinse 100ml/L normal sheep
serum blocking solution for 1 hour.Add 1:100 Rabbit anti mouse HO-1 antibody on the slide 4℃ Fridge
overnight after washing.After rinsing add 1:400 PE-labeled Sheep anti-Rabbit immuno�uorescence
antibody and incubate in 37℃ water bath for 1 hour in dark. Seal and observe the red �uorescence under
�uorescence microscope after rinsing.

Histopathological examination and acute rejection score

The histopathological examination of each group was performed on the 10 days after operation.The
histopathological changes were observed by optical microscope. According to the criteria of acute
rejection the degree of rejection at each time point of each group of rats was scored and statistical
analysis was performed.Under the optical microscope 5 �elds were randomly selected to observe the
pathological changes of the two groups of animals.The liver transplant rejection score was based on the
Banff international standard formulated in 1997.

Detection of NK cell activity in recipient

Extract spleen lymphocytes from each group of recipients and co-culture with target cell YAC-1 cells
calculate the activity of NK cells by measuring the release amount of lactate dehydrogenase. Statistical
analysis Differences between groups P 0.05

Detection of immune-related cytokines and Tregs

Enzyme-linked immune sorbent assay (ELISA) was used to detect the level of TNF-α IL-10 TGF-β IL-2 IL-
17 IL-23 in serum of each group at each time point.The speci�c steps were followed by the instructions
of the kit.To detect spleen Tregs levels by �ow cytometry:the recipient rats spleen lymphocytes were
isolated and resuspended in PBS to 1×107/ml and was taken 0.1ml to add 0.5μl of anti-CD4 antibody and
0.625μl of anti-CD25 antibody incubating at 4℃for 30 minutes in the dark. After washing it with PBS to
incubate 1ml overnight at 4℃ in the dark.It was washed with PBS and diluted to 0.1ml adding 5μl of anti-
Foxp3 antibody incubating at 4℃ for 2 hours in the dark.After PBS washing it was �xed in 4%
paraformaldehyde with waiting for on-board detection.The changes of CD4+, CD25+, Foxp3+ were
detected by cytometry.The differences between the groups were statistically analyzed.

Statistical analysis
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Data-analysis and graph-production were performed by using GraphPad Prism 5.0 software.Statistical
analysis was performed by using SPSS20. Data comparisons were performed between the two groups
using Student's test.One-way analysis of variance(One-Way ANOVA)for 3 groups or above.P<0.05 was
considered statistically signi�cant.

Results
Culture and identi�cation of rat BMMSCs

Rat BMMSCs were successfully cultured and expanded in vitro.It can be identi�ed from the following
three aspects: jcell adherent growth the cells after passage are long fusiform some are arranged in a
vortex or chrysanthemum with typical BMMSCs morphological features(Fig.1A).kcells can induce
differentiation into adipocytes(oil red O staining shows red lipid droplets in the cytoplasm Fig.1B) and
osteoblasts(von Kossa staining showed black calcium in cells)(Fig.1C). Detection of cell surface marker
showed positive for 99.5% 99.8% and 98.5% in the CD29+CD34- CD90+CD45- and RT1A+RT1B-

respectively (Figure 1G, H,I).

Recombinant adenoviral vector successfully mediated HO-1 gene into BMMSCs

BMMSCs was infected with recombinant adenovirus expressing HO-1 gene and Ad-GFP was used as a
control. The cells were observed 48 hours after infection and the positive rate of green �uorescence
expression in the cells was>80% by �uorescence microscopy (Fig.1D). Ad-HO-1/was found by
immunohistochemistry.

The red-labeled HO-1 expression in the BMMSC group was signi�cantly higher than that in the BMMSC
group.In the Ad/BMMSC group (Fig.1E—F) the expression of HO-1 gene was up-regulated and its
expression level was about 5 times than the control group.These results indicate that adenovirus-
mediated HO-1 is overexpressed in BMMSCs successfully.The successful transfection of HO-1 laid the
foundation for the next experiment.

The phenotype of BMMSCs was detected that G: the positive rate of CD29+CD34+  H: CD90+CD45+ was
99.8% I:The positive rate of RT1A+RT1B- was 98.5%.Red in �g1.E and �g1.F was HO-1 protein staining
Blue is nuclear staining.

Rat liver transplantation rejection model was successfully established

In BMMSCs group,the acute rejection symptoms of the recipients were reduced to some extent and the
mental state, activity the survival rate and response to external stimuli were improved,but the overall
effect is still not very satisfactory.The observations in the HO-1/BMMSCs group were very encouraging
that most of the recipient survived well without typical symptoms of acute rejection. During the entire
observation period the median survival time of each group were:10 days in NS group 15 days in
BMMSCs group and 24 days HO-1/BMMSCs group.HO-1/BMMSCs treatment further improved the
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survival rate of transplanted rats. The difference was statistically signi�cant to compare with the
BMMSCs group.

Pathological manifestations of transplanted liver in each group (Fig.2)

According to Banff criteria the transplanted liver in the NS group 10 days after operation showed severe
rejection with mixed lymphocyte in�ltration in the portal area in�ammation and destruction in
interlobular bile duct in�ammatory cell in�ltration under the interlobular vein and central vein
endothelium and hepatocyte necrosis were found. In BMMSCs group only mild rejection were
observed.Pathological examination showed that a small amount of lymphocyte in�ltration was found in
the portal area and bile duct epithelial cell degeneration and cholangitis were rarely seen. Interlobular
phlebitis and central phlebitis were not common. Compared with the other two groups, There was no
obvious immune rejection pathological damage in HO-1/BMMSCs group which was close to the normal
liver.

BMMSCs overexpression of HO-1 induces persistent high-level expression of rat spleen Treg cells

By �ow cytometry HO-1/BMMSCs treatment signi�cantly increased the expression level of
CD4+,CD25+,Foxp3+in Tregs which peaked at 7th day and fell at 10th day(Fig.3A).Tregs ratio in BMMSCs
and NS group were presented in Fig.3B.The Tregs levels in the HO-1/BMMSCs group showed a rapid and
steady increase and remained high level at 10th day.Statistical analysis showed that the HO-1/BMMSCs
group further increased Tregs expression compared with the BMMSCs group,especially on 10th day.The
difference was statistically signi�cant (Fig.3B).

Overexpression of HO-1 enhances the regulation of cytokines in rat serum by BMMSCs

ELISA results showed that serum IL-10 and TGF-β in HO-1/BMMSCs group were associated with anti-
in�ammatory or Tregs differentiation. Cytokine expression levels were further elevated compared to the
control group. The increase of IL-2, TNF-α and IFN-γ in cytokines related to pro-in�ammatory or Th17
differentiation was signi�cantly smaller than that in BMMSCs group, only a slight increase, IL-6, IL-17 and
IL-23 decreased or decreased. Small �uctuations,rather than the �rst decline in the BMMSCs group, and
the overall level is signi�cantly lower than the BMMSCs group (Fig4).The difference was statistically
signi�cant.

Overexpression of HO-1 enhanced the inhibition of NK cell activity by BMMSCs Although BMMSCs
treatment signi�cantly inhibited NK cell activity in the BMMSCs group, NK cell activity still showed a
signi�cant uptrend at 7 and 10 days.The activity of NK cells in the HO-1/BMMSCs group did not
signi�cantly increase during the observation period,but only �uctuated around normal levels. Statistical
analysis showed that NK cell activity was further reduced to near normal range in the HO-1/BMMSCs
group, and the difference was statistically signi�cant(Fig5).

Discussion
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Despite the advent and development of new immunosuppressants,clinical liver transplant rejection has
been well controlled but the incidence of rejection is still high. It has been reported that the incidence of
acute and chronic rejection after liver transplantation can reach 90% and 30%-50%[11]. The long-term use
of immunosuppressive agents increases the risk of adverse reactions such as
hypertension nephrotoxicity neurotoxicity postoperative tumors and metabolic diseases [12]. Therefore it
is particularly necessary to �nd a new immunosuppressive strategy with few adverse reactions.

Because of its low immunogenicity,low antigen-presenting ability and unique immunomodulatory
effects mesenchymal stem cells (MSCs) can affect the immune system such as T cells B cells NK
cells Monocytes and dendritic cells in vivo and in vitro[13–15] thereby evading immune recognition and
suppressing immune responses [16]. At present MSCs has been applied to almost all basic research of
organ transplantation and it has been found that MSCs transplanted in vivo have the characteristics of
homing. Under the in�uence of various factors exogenous or autologous MSCs can be directly migrated
and colonized in targeted tissues[17–18]. It has also been shown to play an important role in reducing
transplant immunity and inducing immune tolerance in organ transplantation[19].

MSCs can migrate to the in�ammatory colon and exert anti-in�ammatory and immune-regulating
effects[20],but its intestinal colonization rate is extremely low and MSCs is considered to be at least
partially therapeutic by paracrine.At the same time, due to ischemia hypoxia and in�ammatory reactions
of local tissues the survival rate after MSCs transplantation is extremely low, and the number of cells
surviving 4 days after transplantation is signi�cantly decreased while less than 1% of cells survive more
than one week[21].Regardless of the way MSCs exerts its reproductive anti-in�ammatory and
immunomodulatory effects its effects are severely limited by low survival in vivo. Our study found that
BMMSCs alleviated acute rejection in liver-transplanted rats but this effect is limited in duration and is
generally signi�cant within 7 days and greatly weakened after 7 days.In the BMMSCs treatment
group pathological examination at 10 day showed that the tissue structure was severely damaged, a
large number of in�ammatory cells in�ltrated and apoptotic cells increased signi�cantly which is
moderate to severe rejection.Although the rejection score was lower than that of the NS group the
survival and pathological changes of the recipient mice were signi�cantly worse than before.The various
tests results suggest that BMMSCs group could not maintain a good trend in inhibiting NK cell
activity regulating cytokine expression level and inducing Tregs production within one week.

HO-1 is an inducible form of HO,a cytoprotective enzyme that protects cells by exerting anti-
in�ammatory,anti-apoptotic,anti-oxidative stress and anti-ischemia/reperfusion injury effects[22–23].The
study found that HO-1 also has protective and repaired effects on intestinal damage caused by various
causes which main mechanisms include anti-oxidation anti-in�ammatory anti-apoptosis and regulation
of microcirculation[24–25].In addition, HO-1 has a regulatory effect on MSCs which can attenuate MSCs
apoptosis under hypoxia and oxidative stress [26]. However, in the study of organ transplantation,HO-1
also has the effect of reducing rejection, prolonging graft survival time and even inducing graft immune
tolerance [27–28]. In this study HO-1 was genetically engineered to modify BMMSCs.On the one hand,it is
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hoped that the cytoprotective enzyme can improve the survival rate of BMMSCs in liver-transplanted
rats.On the other hand,it is hoped that both HO-1 and BMMSCs can be immunized to superimpose
inhibition effects to exert a stronger immunosuppressive effect thereby to control liver transplant
rejection better. It was found that NK cells were one of the effector cells involved in liver transplant
rejection. When treated with untreated BMMSCs,the activity of NK cells was signi�cantly decreased, but it
still showed an upward trend. After treatment with gene-transfected cells(HO-1 was used),the activity of
NK cells was inhibited within the normal range and did not increase signi�cantly.We speculate that this is
because BMMSCs prolonged the survival time in vivo and exerted a more sustained immunosuppressive
effect. It may also be associated with immune regulation of HO-1 over-expression.

In organ transplantation,graft rejection is a T-cell-mediated immune response to donor
antigens.Th1 Th2 Th17 Tregs and other CD4+Th cells play different immune effects.The ratio of
Th1/Th2 and Th17/Treg play an important role in regulating T-cell immune response[29].Th1 cells mainly
secrete IL-2 IFN-γ and TNF-α while Th2 cells mainly secrete IL-2 IFN-γ TNF-α IL-4 IL-10 and IL-13.
Th1/Th2 ratio and related cytokines are often used to explain immune related phenomena in organ
transplantation. Th17 cells are characterized by the secretion of cytokines IL-17,IL-21and IL-22. Their
differentiation requires the participation of TGF-beta and IL-6, and the stabilization of their phenotype
requires IL-23, TNF-alpha and IL-1beta[30–32]. Tregs can produce anti-in�ammatory effect and promote
self-tolerance by secreting IL-10 and TGF-β. Th17 cells and their cytokines IL-6, IL-17 and IL-23 may
mediate transplantation rejection[33].Tregs may prevent rejection and even induce to maintain immune
tolerance[34].The immunoregulation of MSCs is related to the ampli�cation of Tregs. In some
studies MSCs can induce Foxp3+ and Tregs-dependent tolerance[35].

In this research,in�ammation and Th differentiation-related cytokines have signi�cant changes under the
treatment of BMMSCs and HO-1/BMMSCs.Speci�cally, the concentrations of IL-10 and TGF-β increased
signi�cantly,while the concentrations of IL-2,IL-6,IL-17,IL-23,TNF-α and IFN-γ decreased signi�cantly.The
difference is that compared with BMMSCs group HO-1/BMMSCs group increased IL-10 TGF-β and
decreased IL-2 IL-6 IL-17 IL-23 TNF-α and IFN-γ even reversed the rising trend of IL-6, IL-17 and IL-23 to
some extent. The change of Tregs is also very signi�cant. HO-1/BMMSCs not only up-regulated Tregs
expression but also its high level expression was more stable and lasting.We speculate that these effects
are related to protecting BMMSCs and enhancing its immunoregulation of HO-1.

In summary,compared to BMMSCs alone in this study HO-1/BMMSCs inhibition of liver transplant
rejection by the BMMSCs group was stronger and longer lasting mainly by inhibiting immune cells such
as NK cells,Treg cells and cytokines work.

Declarations
Author Contribution statement

Peng Li contributed to the conception of the study and conceived and designed the experiments



Page 9/15

Yuyi Zhang performed the experiments and contributed signi�cantly to analysis

Qiongxia Li performed the data analyses and wrote the manuscript

Yubo Zhang helped perform the analysis with constructive discussions.

References
1 ShoichiKageyama Hirofumi Hirao Kojiro Nakamura et al. Recipient HO-1 inducibility is essential for

posttransplant hepatic HO-1 expression and graft protection: From bench-to-bedside J .Am J Transplant
2019 19(2):356-367.

2 Lee MW Ryu S Kim DS et al. Strategies to improve the immunosuppressive properties of human
mesenchymal stem cells J . Stem Cell Res Ther 2015 6 1 1-10.

3 Liu W Song F Ren L et al. The multiple functional roles of mesenchymal stem cells in participating in
treating liver diseases J . J Cell Mol Med 2015 19 3 511-520.

4 English K Wood K J. Mesenchymal stromal cells in transplantation rejection and tolerance J . Cold
Spring Harb Perspect Med 2013 3 5 a015560.

5 Yang Y Song H L Zhang W et al. Reduction of acute rejection by bone marrow mesenchymal stem
cells during rat liver transplantation J .PloS one 2014 9 12 e114528.

6 Wang L Zhao Y Shi S. Interplay between mesenchymal stem cells and lymphocytes implications for
immunotherapy and tissue regeneration J . J Dent Res 2012 91 11 1003-1010.

7 Hedblom A, Hejazi SM, Canesin G, et al. Heme detoxi�cation by heme oxygenase-1 reinstates
proliferative and immune balances upon genotoxic tissue injury J . Cell Death&Disease,2019,10(2):72-85

8 Zhang J Huang X Wang H et al. The challenges and promises of allogeneic mesenchymal stem cells
for use as a cell-based therapy J . Stem Cell Res Ther 2015 6 1 1-7.

9 Zeng B Lin G Ren X et al. Over-expression of HO-1 on mesenchymal stem cells promotes
angiogenesis and improves myocardial function in infarcted myocardium J . J Biomed Sci  2010 17
1 80-88.

10 P. LI Y-Y.ZHANG J.DENG. PDL1Ig gene-loaded BMSCs Induce liver transplantation immune tolerance
J .Eur Rev Med PharmacolSci 2018 22 10 3214-3223

11 Tzvetanov IG Oberholzer J Benedetti E. Current status of living donor liver transplantation J .
CurrOpin Organ Transplant 2010 15 3 346-348.



Page 10/15

12 Webber A Hirose R Vincenti F. Novel strategies in immunosuppression issues in perspective J .
Transplantation 2011 91 10 1057-1064.

13 Uccelli A Moretta L Pistoia V. Immunoregulatory function of mesenchymal stem cells J . Eur J
Immunol 2006 36 10  2566-2573.

14 Le Blanc K Tammik L Sundberg B et al. Mesenchymal stem cells inhibit and stimulate mixed
lymphocyte cultures andmitogenic responses independently of the major histocompatibility complex J .
Scand J Immunol 2003 57 1 11-20.

15 Le Blanc K Samuelsson H Gustafsson B et al. Transplantation of mesenchymal stem cells to
enhance engraftment of hematopoietic stem cells J . Leukemia 2007 21 8 1733-1738.

16 Lazarus HM Koc ON Devine SM et al. Cotransplantation of HLA-identical sibling culture-expanded
mesenchymal stem cells and hematopoietic stem cells in hematologic malignancy patients J . Biol
Blood Marrow Transplant 2005 11 5 389-398.

17 Karp JM Teo GSL. Mesenchymal stem cell homing the devil is in the details J . Cell stem cell 2009
4 3 206-216.

18 Cornelissen A S Maijenburg M W Nolte M A et al. Organ-speci�c migration of mesenchymal stromal
cells Who when where and why? J . Immunology letters 2015 168 2 159-169.

19 Wood K J Bushell A Hester J. Regulatory immune cells in transplantation J . Nat Rev Immunol
2012 12 6 417- 430.

20 Castelo-Branco MTL Soares IDP  Lopes DV  et al. Intraperitoneal but not intravenous cryopreserved
mesenchymal stromal cells home to the in�amed colon and ameliorate experimental colitis J . PLoS
One 2012 7 3 e33360.

21 Li X Xiao Y Cui Y et al. Cell membrane damage is involved in the impaired survival of bone marrow
stem cells by oxidized low‐density lipoprotein J . J Cell Mol Med 2014 18 12  2445-2453.

22  Liu B Qian JM. Cytoprotective role of heme oxygenase-1 in liver ischemia reperfusion injury J . Int J
ClinExp Med 2015 8 11 19867-19873.

23 Lawal AO Marnewick JL Ellis EM. Heme oxygenase-1 attenuates cadmium-induced mitochondrial-
caspase 3-dependent apoptosis in human hepatoma cell line J . BMC PharmacolToxicol 2015  16 1 1-
13.

24 He XH Yan XT Wang YL et al. Transduced PEP-1–heme oxygenase-1 fusion protein protects against
intestinal ischemia/reperfusion injury J . J Surg Res 2014 187 1 77-84.



Page 11/15

25  Li Y Li Q Chen H et al. Hydrogen gas alleviates the intestinal injury caused by severe sepsis in mice
by increasing the expression of heme oxygenase-1 J . Shock 2015 44 1 90-98.

26 Hamedi-Asl P Halabian R Bahmani P et al. Adenovirus- mediated expression of the HO-1 protein
within MSCs decreased cytotoxicity and inhibited apoptosis induced by oxidative stresses J . Cell Stress
Chaperones 2012 17 2 181-190.

27 Petersen B Ramackers W Lucas‐Hahn A et al. Transgenic expression of human heme oxygenase‐1
in pigs confers resistance against xenograft rejection during ex vivo perfusion of porcine kidneys J .
Xenotransplantation 2011 18 6 355-368.

28 Li SD Wang L Wang KY et al. Heme oxygenase-1 expression and its signi�cance for acute rejection
following kidney transplantation in rats J .Transplant Proc 2011 43 5 1980-1984.

29 Lim JY Park MJ Im KI et al. Combination cell therapy using mesenchymal stem cells and regulatory
T-cells provides a synergistic immunomodulatory effect associated with reciprocal regulation of
TH1/TH2 and th17/treg cells in a murine acute graft- versus-host disease mode l J . Cell
transplantation 2014 23 6 703-714.

30 Li B Tian L Diao Y et al. Exogenous IL-10 induces corneal transplantation immune tolerance by a
mechanism associated with the altered Th1/Th2 cytokine ratio and the increased expression of TGF-β
J . Mol Med Rep 2014 9 6 2245-2250.

31 Bettelli E Carrier Y Gao W et al. Reciprocal developmental pathways for the generation of
pathogenic effector TH17 and regulatory T cells J . Nature 2006 441 7090 235-238.

32 Aggarwal S Ghilardi N Xie M H et al. Interleukin-23 promotes a distinct CD4 T cell activation state
characterized by the production of interleukin-17 J . J BiolChem 2003 278 3 1910-1914.

33 Fábrega E López-Hoyos M San Segundo D et al. Changes in the serum levels of interleukin-
17/interleukin-23 during acute rejection in liver transplantation J . Liver Transpl 2009 15 6 629-633.

34 Kendal AR Chen Y Regateiro F S et al. Sustained suppression by Foxp3+ regulatory T cells is vital
for infectious transplantation tolerance J . J Exp Med 2011 208 10 2043-2053.

35 Ge W Jiang J Arp J et al. Regulatory T-cell generation and kidney allograft tolerance induced by
mesenchymal stem cells associated with indoleamine 2 3-dioxygenase expression J . Transplantation
2010 90 12 1312-1320.

Figures



Page 12/15

Figure 1

Morphology, characteristics, phenotype and HO-1 transfection of BMMSCs A The morphology of
BMMSCs in the third generation (100×) B:adipogenic test of BMMSCs C:osteogenic veri�cation of
BMMSCs (200×) D:The dark �eld of BMMSCs transfected with HO-1(100×) E:HO-1 expression in
BMMSCs without HO-1 transfection F:HO-1 expression in BMMSCs transfected with HO-1.The expression
level was signi�cantly higher than that in the untransfected group(200×).

Figure 2

Pathological �ndings of LT in each group (100×) A: NS group B BMMSCs group C HO-1/BMMSCs
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Figure 3

The level of Treg in recipient spleen A. Scatter plot in Flow cytometry of Tregs in spleen of HO-1/BMMSCs
group at different time points after operation. B. Tregs ratio of rats in each group(compared with NS
group P<0.05 compared with BMMSCs group P<0.05)
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Figure 4

Each cytokines levels in serum (compared with NS group, P 0.05 Compared with BMMSCs group and
Compared with HO-1/BMMSCs, P 0.05)
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Figure 5

NK cell activity Compared with NS group, P<0.05,compared with BMMSCs group, P<0.05


